Introduction
More than 100 years have passed since B redt's correct structural formula of camphor [1] , and extensive research has been perform ed in the meantime. There are num erous applications of camphor derivatives as chiral auxiliaries [2] or starting materials for natural product synthesis [3] [4] [5] . Particularly versatile is the chemistry of the sulfonation products of camphor, the isomeric camphorsulfonic acids [6] [7] [8] [9] , The selective form a tion of these different structural isomers can be explained by the varying degree of stabilization of carbocations and their rearrangem ents under slightly different reaction conditions [10] . The gen eral carbocationic reaction pattern is also valid for most of their derivatives. O ur interest in the camphorsulfonic acids arises from the possibility to obtain enantiomerically pure chiral auxiliaries, in particular enantioselective oxidants, in only a few steps [2, [11] [12] [13] . Having prepared (3-oxocamphorsulfonyl)oxaziridine [14] , (camphorlactonesulfonyl)oxaziridine [15] , and several substituted derivatives of (camphorsulfonyl)oxaziridine [16] , from Reychler's acid (1) [(1 S)-(7,7-dimethylbicyclo[2.2.1]hept-l-yl)methanesulfonic acid], which show greatly enhanced enantioselectivities in the oxidation of sulfides to chiral sulfoxides [14, 17] compared with the simple (camphorsulfonyl)oxaziridine, we thought about further m odi fications to obtain even more selective auxiliaries. In this connection, we planned to introduce an amino function in the position 3 of camphorsul fonimide (2) , by performing a R itter reaction with (1 S)-3-e/?do-bromocamphorsulfonimide (3) .
Results
Ritter-type reactions of haloalkanes in aceto nitrile, with nitronium tetrafluoroborate as re agent for the generation of interm ediate carbo cations, have been reported [18] [19] [20] ; both exoand endo-2-bromonorbornane give the exo-acetamide. The mechanism is thought to involve initial attack of the nitronium ion at the bromine [18] . Adding solid nitronium tetrafluoroborate to a solution of (1 S)-3-e/?do-bromocamphorsulfon- imide (3) in acetonitrile, no trace of the expected product was obtained, but a com pound was isolated in good yield which was found to be [(1 S)-3-e/ido-bromo-7,7-dimethyl-2-(nitroimino)-bicyclo[2.2.1]hept-l-yl]methanesulfonyl fluoride (13) . This surprising result of the spectroscopic investigation was then confirmed by an X-ray structure analysis (see below). For the success of the reaction, it is essential that solid N 0 2BF4 is present in the reaction mixture; a solution of the salt in acetonitrile does not react at all with the sulfonimide. This behaviour is not limited to ace tonitrile; sulfolane, often recom mended as inert solvent for reactions with nitronium ions [21, 22] , shows the same result. We then tried several similar bicyclic sulfonimides to see if the presence of bromide in the molecule was essential. We found that most avail- able derivatives of camphorsulfonimide (2) gave the same type of product. Fig. 1 and Table I show the reactions and the properties of the products. NMR data are listed in Tables II and III . The only exceptions are the 3,3-dibromo-camphorsulfonimide (7), the corresponding dichloro compound (8) , and the sterically crowded spirocyclic deriva tives (17) and (18); no reaction occurs with these systems. Under the reaction conditions, the di methyl acetal (9) is cleaved to the ketone (10) which then reacts with N O : BF4 to form the prod uct (11) . From (-i-)-fenchonesulfonic acid (19) , an analogous imide (20) can be derived [23. 24] , which also follows the same reaction scheme to give the ring-opened nitroimine (21) . In every case, the reaction is very clean; only the nitro- imines and unchanged starting material are found in the product mixture.
X-Ray Structure Analysis of (13) Crystals were grown as colourless prisms from acetonitrile solution. The crystal chosen for data collection was 0. Intensity data were m easured on a EnrafNonius CAD 4 diffractom eter with nickel filtered C u -K a radiation (1.54178 Ä, /i -57.08 cm -1) by a 6 -2 6 scan technique in 48 steps. Data were cor rected for Lorentz and polarization effects, and for absorption. O f a total of 2841 unique measured intensities, 2527 satisfied the criterion I > 2.0cr(I), and only these were used in the solution and re finement of the structure. Atomic coordinates are shown in Table IV and selected bond lengths and angles in Table V . Further details are available from Fachinformationszentrum Karlsruhe, Gesellschaft für wissenschaftlich-techni sche Information mbH, D-76344 Eggenstein-Leopoldshafen, by quoting the deposition number CSD 58414, the authors, and the literature citation. 
Discussion
The X-ray structure shows that the endo-con figuration at C3 bearing the brom ine atom is main tained during the reaction; the C3-B r distance (1.941(7) Ä) is slightly longer than in endo-3-bromocamphor (1.92(2) Ä) [25] . The angles and distances in the bicyclo[2.2.1]heptane system are quite similar to many other derivatives of camphor and particularily to derivatives of camphor-sulfonic acid (1) [15, 26] , The replacem ent of the car bonyl group by the more bulky nitroimine moiety is reflected by the widening of the C3-C 2-N ! angle (130.7(6)° vs. 126.6(1)° for C3-C 2-0 in 3-bromocamphor) and the corresponding nar rowing of the C i-C 2-N ! angle (120.7(6)° vs. 126.6(1)° in 3-bromocamphor [25] ). The nitro group occupies a frans-position relative to the C] -C2 bond at the imine double bond, thus pointing away from the higher substituted part of the molecule. No trace of the corresponding cisisomer could be detected in the reaction mixture by NMR. The inversion barrier at the C=N double bond of imines is in the range of 15 to 40 kcal/ mol [27] , which excludes the possibility of a rapid equilibrium on the NMR time scale. The form a tion of only the trans-isomer suggests a simul taneous replacement of the sulfonyl group by the nitro group by a planar inversion mechanism [27] at the imine nitrogen, leading from the cis-to the frans-arrangement of the substituents. The plane through the nitro group is almost perpendicular to the N -N -C 2 plane, thus avoiding close contacts of the nitro group with any other groups in the neighbourhood. The fluorine atom occupies a pos ition at sulfur which allows it to be as far away from the nitro group as possible, thus maximizing the distance of the most electronegative groups in the molecule. However, this may also be due to crystal packing effects, as in solution, a long range (through space) 15N -19F coupling of 1.8 Hz to the imine nitrogen is observed in the 15N NMR spec trum. suggesting a conformation where the dis tance between the two atoms is smaller (spectrum measured in d6-acetone with C r(acac)3 added, with inverse gated decoupling; (3imine = 359.63 ppm, ^nitro = 359.47 ppm, using C H 3N 0 2/Cr(acac)3 in d6-acetone with d = 379.00 ppm as external stand ard). A through-bond 5/ ( N -F ) coupling is un likely, as only a 27 (C -F ) coupling is observed in all the nitroimines, but no longer range couplings to other carbons.
As to the general NM R behaviour of all nitro imines, the *H spectra are as expected for such camphor derivatives. The rotation arround the C i -C 8 bond is hindered, leading to two distinct doublets for the protons of the m ethylene group (2/ ( H -H ) ~ 15 Hz), which are further split into doublets by coupling with fluorine (2 < 3/ ( H -F ) < 5 Hz). This coupling is also observed in the 19F NMR spectra, leading to broadened triplets in most cases. As all camphor-derived nitroimines have similar spectra, we attribute the trans-con figuration at the imine double bond found in the 3-endo-bromo derivative to all of them. Interest ingly, the 19F spectra show one further signal to each side of the principal resonance quoted in Table I {Ab ~ ±0.1 ppm); the intensity of the two minor signals together is about 10% of the total integral. We explain this as conform ational isom erism, by restricted rotation arround the C8-S bond. Due to signal overlap, these minor confor mations are not easily detected in the !H and 13C NMR. In similar compounds which do not have a flexible side group at the bridgehead carbon, such as camphor-nitroimine, no minor signals could be detected [28] , which confirms that this is no con figurational isomerism relative to the imine double bond.
The situation is more complicated in the fenchone-derived nitroimine (21) . Here, the presence of an isomer with more different properties is clearly seen in the !H NMR spectrum in the region of the m ethylene group at sulfur (3 -4 ppm); two additional doublets of doublets are observed (3.62 and 3.91 ppm, geminal coupling 2/ ( H -H ) = 15.3 Hz, V (H -F ) = 2.7 and 5.0 Hz, respectively). We think that this is due to the presence of the ds-isom er with respect to the position of the nitro group at the imine double bond. These signals are about 10% in intensity of the principal pair of dd of the trans-isomer. In addition, some further, partly overlapped signals with -4 % of the total integration can be detected in the methylene re gion; we attribute them to conform ational isomers of the ds-com pound, as discussed above for the trans-isomer. In other regions of the spectrum, there is too much overlap with the principal sig nals to allow an assignment. In the 19F spectrum, in addition to the typical pair of conformational isomer signals found for the camphor derivatives, two further signals in a 2:1 ratio are found (138.6 and 140.2 ppm), which confirm the presence of the ds-isomer. That fenchone-derived nitroimines, in contrast to the corresponding camphor derivatives, do indeed form mixtures of cis-and rraws-isomers, has already been shown earlier by 13C NM R [29] , In accord with these findings, we think that the presence of the ds-isom er is due to a lesser degree of selectivity in the ring-opening reaction and not to a rearrangem ent in solution, as the inversion barrier at the imine double bond is not lowered in comparison with the camphor systems [29] .
The question remains why the ring opening does occur only with solid N 0 2BF4, but not in solution. Acetonitrile has been used widely as solvent for nitration reactions with N 0 2BF4, e.g. for the Nnitration of amides [30] [31] [32] , and even as NM R sol vent for quantitative analysis of commercial samples of N 0 2BF4 [33] , This seems surprising, since the compounds react in the absence of other substrates to, finally, acetic acid as main product. The reaction is comparatively slow (several hours), and may therefore not interfere in rapid nitration reactions. In our case, however, it is the simple dissolution of the N 0 2BF4 which lowers the reactivity in such a drastic m anner; even when the sulfonimide is added immediately after dissolving the salt, no reaction occurs, although only un changed acetonitrile and salt can yet be detected by NMR. The reaction of unsubstituted polycyclic hydrocarbons such as adam antane and norbornane with N 0 2BF4 in acetonitrile leads to N-substituted acetamides as products of the R itter reac tion of the corresponding carbocations, generated by hydride transfer from the hydrocarbon to the nitronium ion [34, 35] . In nitroalkanes as solvents, adamantane forms the nitro derivative [35] , while norbornane is oxidized to 2-norbornanone [36] . To avoid the reactive acetonitrile, we then used sulfolane as solvent, which is known not to react with N 0 2BF4. The same result as with acetonitrile was obtained. Thus, the ring-opening reaction takes obviously place at the surface of the solid N 0 2BF4. We think that this is due to a kind of concerted mechanism, with simultaneous cleavage of the S -N bond and formation of the N -N and S -F bonds. For this mechanism, it is essential that the two ions have definite positions in close vicinity, as only in the crystal, but not in solution. No X-ray structure of N 0 2BF4 has been published, and therefore no definite conclusions about possible transition states can be drawn. It seems, however, plausible that the N 0 2 will attack the lone pair of the imine nitrogen in the plane of the S -N -C 2 group.
An interesting difference in the reactivities of the endo/exo pairs of bromo-and chlorocamphorsulfonimides was found. When a mixture of the bromoimines (3) and (4) in the ratio 3:1 was used as starting m aterial, the crude product of the reac tion in acetonitrile had the composition (3)/(4)/ (13)/( 14) = 1 8 :8 :9 :1 , and in sulfolane = 9 :1 0:30:3. For a 3:2 mixture of the chlorosulfonimides (5) and (6) as starting material, the ratio (5)/(6)/(14)/(15) was 8:18:25:10 for the reaction in acetonitrile. Assuming a pseudo-first order re action in sulfonimide, this allows an estimate for the relative reaction rates ke/jrfo/kejco (5.6 for the reaction (3)/(4) in sulfolane and 3.4 in acetonitrile, and 2.2 for (5)/(6) in acetonitrile). The result can not be understood in terms of sterical hindrance, as the endo-side of the bornane system is much better accessible, and any bulky substituent in the endo-position should therefore reduce the reac tion rate, if the reagent would approach from this side. For an attack of the NOJ in the S -N -C 2 plane, as suggested above, the difference between endo-and exo-isomers should not be great. A ten tative explanation of the observation is the pri mary coordination of the nitronium ion to the halogene, as suggested in solution for the R itter reaction of haloalkanes [18, 19] , but only at the sterically less hindered endo-site, which is then fol lowed by an arrangem ent of the sulfonimide group at the surface of the N 0 2BF4 suitable for the fluor ide transfer. The higher rate for the endo-com pounds can therefore be attributed to a better at tachm ent to the surface. However, it remains unclear why the dihalo compounds (7) and (8) are completely unreactive under the reaction con ditions, as this coordination should not depend very much on the nature of the exo-substituent. Fig. 3 shows the concerted reaction mechanism, as it seems plausible on the basis of the available data.
Due to the nitro group attached to the imine, the C=N double bond is very poor in electrons in all the new compounds. Thus, it was not possible to oxidize it with peracids to the corresponding oxaziridines, which could be envisaged as highly reactive enantioselective oxidation reagents. The starting sulfonimides were prepared as de scribed: (2) [9] ; (3 )-(8 ) [37] ; (9), (17), (18) [16] ; (10) [14] ; (20) [23, 24] ,
Experimental

General procedure fo r the preparation o f the nitroimines
To a solution or suspension of the corresponding sulfonimide (1.0 mmol) in 1.0 ml of dry solvent (acetonitrile or sulfolane) was added nitronium tetrafluoroborate (2.0 mmol) at 0 °C. The cooling bath was removed, and the mixture was left stir ring overnight. Water (20 ml) was added. In the case of sulfolane as solvent, the precipitate was filtered off. In the case of acetonitrile as solvent, the mixture was extracted with dichlorom ethane (3x10 ml), the combined extracts were dried over Na2S 0 4, and the solvent was removed in vacuum. Purification of the crude nitroimines was done by column chromatography (silica gel, dichlorom e thane); the first fraction contained the product, and the second the starting material. The results are shown in Table I . The ew/o-compounds (13) and (15) have a slightly higher solubility than their exo-counterparts (14) and (16) in non-polar sol vents, and separation of the isomers is therefore possible by repeated crystallization from dichloromethane/hexane.
